Introduction
Ice streams are linear zones of fast-flowing ice with velocities of hundreds of metres per year. They have low surface gradients because of enhanced sliding at their base and may be tens of km across with crevasses marking clear margins. In many cases the lower reaches of an ice stream may flow through an upland margin and, where they are bounded by rock walls, they are known as outlet glaciers (Sugden, 2009 ). Ice streams are important because they drain the bulk of ice from Antarctica.
Most ice streams in Antarctica lead into floating ice-shelves, which have relatively flat surfaces and thin from over 1000 m at their inner margins to 100-200 m at the seaward edge where calving of icebergs occurs periodically. The Ross Ice Shelf fringing the Ross Sea and the Filchner-Ronne Ice Shelf bordering the Weddell Sea are the size of large European countries. The behaviour of ice shelves is influenced by the interface with the sea, both in terms of relative sea level and ocean temperatures which can influence the rate of calving. If, for example, sea level falls, ice shelves may become grounded and in such a case they thicken until the surface gradient is sufficient to overcome the increase in basal friction and maintain flow to the sea. In such a case the ice streams flowing into the ice shelf also thicken to maintain their flow.
Throughout Antarctica, onshore and offshore evidence indicates that ice streams and their rock-bounded seaward equivalents, outlet glaciers, expanded and thickened during the LGM (Fig. 1, inset ). This is evident around the margins of East Antarctica, including the Lambert Basin (Fink et al., 2006) , Mac Robertson Land (Mackintosh et al., 2007) , the Transantarctic Mountains in the Ross Sea embayment (Denton and Hughes, 2000 and references therein), and throughout West Antarctica including the Antarctic Peninsula (Bentley et al., 2006) , the Weddell Sea (Bentley et al., 2010) , the Amundsen Sea (Ackert et al., 1999; Anderson, 1999) and Marie Byrd Land (Stone et al., 2003) . Most of the LGM increase in ice volume in Antarctica came from the marine-based WAIS, which nearly doubled in size as it expanded across shelf areas with lowering of eustatic sea level (Denton and Hughes, 2002) . In the Ross Sea sector, a number of independent records indicate the WAIS expanded and thickened and was grounded near to the continental shelf edge (Anderson, 1999; Denton and Hughes, 2000; Shipp et al., 1999) , and then steadily thinned and retreated throughout the Holocene (Conway et al., 1999; Stone et al., 2003) . Several outlet glaciers that drain the EAIS through the Transantarctic Mountains thickened by 300 -1000 m in their lower reaches where they joined the expanded WAIS, despite climatic hyperaridity and potential thinning in source areas on the polar plateau (Bromley et al., 2010; Denton et al., 1989; Ritz et al., 2001; Todd et al., 2010) . The dynamics of these East Antarctic outlet glaciers depends more on the location of the grounding line in the Ross Sea than on changes in climate.
The thickness of the LGM ice sheet in the Weddell Sea sector is unknown (Bentley, 1999) . Some numerical models and field-based reconstructions produce a thick ice sheet grounded at or near the continental shelf edge, which implies a marked increase in ice volume in the Weddell Sea sector (Bentley, 1999; Denton and Hughes, 2002; Huybrechts, 2002; Pollard and DeConto, 2009; Ritz et al., 2001) . Offshore, where the glacially eroded Crary Trough reaches the continental shelf edge, there is a large depocenter for glacigenic sediments, the Crary Fan. The Crary Fan is 3-km thick and seismic-stratigraphy linked to bore-hole chronologies indicates it has been built since the early Miocene (Kuvaas and Kristoffersen, 1991) . The presence of the fan and its size supports reconstructions that place the grounding line at or near the continental shelf edge. In contrast, radiocarbon ages of 26 ka on ice-rafted-debris near the shelf-edge in the eastern Weddell Sea indicate the grounding line had retreated landward sometime before the LGM (Anderson and Andrews, 1999) .
Onshore, there exists similar uncertainty on the thickness of the LGM ice sheet.
Ice thicknesses up to 1900 m higher than the present ice sheet surface have been inferred from well-preserved but poorly dated geologic features such as glacier trimlines, striations and moraines on ice free massifs (Bentley, 1999; Denton and Hughes, 2002; Höfle and Buggisch, 1995; Kerr and Hermichen, 1999) . Recent direct dating of some of these glacial features and erratics by cosmogenic-nuclide methods indicate the ice sheet thickened during the LGM but by only 230 -480 m in the Ellsworth Mountains to the southwest, where steady thinning began by 15 ka (Bentley et al., 2010) ; furthermore, these results indicate that the higher trimlines in the Ellsworth Mountains are older than the LGM. On the Antarctic Peninsula, the ice may have covered mountain summits, but the ice surface near the Behrendt Mountains on the southern peninsula had lowered to < 300 m above the modern level by 7.2 ka (Bentley et al., 2006) . Another constraint on ice thickness comes from oxygen isotope data from the Berkner Island ice core, which suggests that the island was not over-ridden by the WAIS during the LGM (Mulvaney et al., 2005) . Finally, recent geodetic measurements of vertical crustal motion suggest that models of glacioisostatic adjustment are overestimating uplift across much of West Antarctica, implying possible errors in the ice history models (Bevis et al., 2009) . Against this background of uncertainty, we provide new geologic data on the thickness of the ice sheet and the Filchner Ice Shelf during the last glacial cycle.
The Shackleton Range
The Shackleton Range overlooks the Filchner Ice Shelf to the west and is bounded by two large and fast-flowing ice streams draining the EAIS, the Slessor and Recovery glaciers, which together contribute 80% of the inflow to the Filchner Ice Shelf (Gray et al., 2001; Jezek et al., 2009) (Fig. 1 (Fig. 2) . These sites were chosen because they are the closest to the main flow of the Slessor Glacier and they span locations both near to and far from its grounding line. Their geology, glacial geomorphology and sediments have been described by Höfle and Buggisch (1995) and Skidmore and Clarkson (1972) . till-covered slopes with polygons and little exposed bedrock (Fig. 5 ). Höfle and Buggisch (1995) describe a weathering break at 200 m above the ice surface which they infer to mark the upper limit of the Slessor Glacier during the LGM; this weathering break was observed during our field visit (Fig. 3 ). Below this level the moraines on the NE shoulder and till are comparatively less weathered. However, the sediments are often iron stained and no striated or typical -fresh‖ clasts were found.
Boulders are generally sparse and poorly preserved with some having disintegrated in situ.
The third site, Mt. Sheffield, is situated on the main shear zone of the Slessor
Glacier at an elevation of c. 310 m and 60 km upstream of Mt. Skidmore. Clear and well-preserved moraine ridges are present at elevations of up to 165 m above the modern ice margin (Fig. 6) . A dark-coloured drift is evident up to 120 m above the present ice margin and, in common with the other sites, we expected this to mark the height of the Slessor Glacier during and following the LGM. The assumed LGM limits at the three sites imply the greatest thickening at the mouth of the Slessor
Glacier and less towards the head in a similar fashion to East Antarctic glaciers flowing into the Ross Sea.
Approach and methodology
To determine the late Pleistocene thinning history of the Slessor Glacier, we obtained cosmogenic 10 Be and Antarctica, some glaciers that are frozen to their bed can advance over delicate landforms without disturbing them and the result is a mix of old and young exposure ages in a deposit. In such cases the younger ages are used to constrain the most recent ice thinning (e.g., Ackert et al., 2007; Balco, 2011; Bentley et al., 2006; Bentley et al., 2010; Mackintosh et al., 2007; Stone et al., 2003; Todd et al., 2010) .
Our sampling strategy was to collect samples in altitudinal profiles from summits down to the modern ice margins at each site. We preferentially targeted brick-sized erratics with a relatively -fresh‖ appearance (Figs. 5 and 6). In doing so, we hoped to 1) avoid issues related to sample self-shielding that can occur when a large clast rotates or flips over, and 2) target the youngest samples which should date the most recent ice thinning. We aimed to identify the highest elevation at which exposure ages date to the last glacial cycle. Such a transition would mark the upper limit of the ice sheet at the time. The specific sample locations are detailed on the aerial photographs in Figure 3 and in Table 1 
Advantages and limitations
The three sites are well-positioned to investigate past elevation changes of the Slessor Glacier, and in one case Recovery Glacier. The Mt. Sheffield site is situated directly on a marginal shear zone and is a direct fix on the elevation of the Slessor Glacier itself. Mt. Skidmore and Mt. Provender are bounded by local glaciers that merge with the Slessor and Recovery glaciers (Fig. 2 ). Since shear stress at the bed of a glacier is related to ice thickness and surface slope, thickening of the ice streams would be met with concomitant thickening of these local glaciers in response to the reduction in their surface gradients. In this study we make the assumption that the balance of flow remains relatively constant between these local glaciers and the ice streams. Therefore, we assume ice elevation changes on Mt. Provender and Mt.
Skidmore reflect changes in the elevation of the Slessor Glacier, while Mt Provender also reflects changes in the Recovery Glacier. It is worth noting that even if the balance shifted to such an extreme that no local glaciers existed at all during the
LGM, the maximum uncertainty this assumption could introduce is an underestimation of thickening by c. 100 m; this value is based on the difference in elevation of our lowest sample at these two sites and the adjacent elevation of the Slessor Glacier.
The altitude profile technique is a common and effective way to determine ice elevation changes in glaciated regions but it also has limitations. The approach we use is partly based on ‗negative evidence'. In other words, our upper limit will be defined by the lack of exposure ages dating to the last glacial cycle. As a result, we can never rule out the possibility that clasts dating to the last glacial cycle exist at elevations higher than our upper limit. In an effort to reduce this unavoidable uncertainty we have developed one of the densest cosmogenic-nuclide datasets to sample a single outlet glacier in Antarctica.
Results
The cosmogenic-nuclide results are presented in Figures 3 and 7 ; the data are available in Tables 1 and 2 . The exposure ages were calculated using version 2.2 of the CRONUS-Earth exposure age calculator (main calculator v.2.1; constants v.2.2.1; muons v.1.1) (Balco et al., 2008) which implements the recently revised 10 Be half-life of 1.387 Ma (Chmeleff et al., 2010; Korschinek et al., 2010) . Ages are reported based on the Dunai (2001) scaling model; these differ by up to 6 -8% depending on the choice of alternative scaling models (Desilets et al., 2006; Lal, 1991; Lifton et al., 2005; Stone, 2000) . The exposure ages assume no rock surface erosion or snow cover correction and thus are minimum ages.
We obtained 83 10 Be and 26 Al surface exposure ages from 70 rock samples; of these 42 were taken from within the presumed LGM ice limits and 28 were taken from above. Figure 7 plots the normalised 10 Be and 26 Al concentrations and approximate exposure ages versus the elevation above the modern ice margin at each site (cf. Sugden et al., 2005) . It also plots the 26 Al/ 10 Be ratio normalised to a line defining the erosion saturation end-points such that ratios less than 1 indicate a complex exposure history (Lal, 1991 (Lal, 1991) . In the following discussion we rely on 10 Be exposure ages.
In a simple case, one would expect to observe a trend of decreasing exposure ages with elevation resulting from the thinning of the ice sheet through time, as is found elsewhere in Antarctica; this is not observed. Instead, and despite sampling the least-weathered rocks available at each site, we find that just eight samples yield exposure ages that date to the last glacial period; these range from 3.0 to 41 ka.
Furthermore, these young dates are found only at the modern ice margins at each site.
The remaining samples, all above the present ice margin, range in age from 109 ka to a remarkable 1,637 ka. The 26 Al/ 10 Be ratios of the latter indicate both continuous and interrupted surface exposures; the former suggests no significant ice cover while the latter suggest periods of burial. There are no obvious systematic trends with regard to age, altitude or distance from the ice margin. The cause of this distribution in ages is likely due to a range of processes including differential weathering over long time scales and inheritance of cosmogenic-nuclides from previous exposures. Such complex patterns are common in Antarctica (Ackert et al., 2007; Bentley et al., 2006; Bentley et al., 2010; Mackintosh et al., 2007; Stone et al., 2003; Todd et al., 2010) .
Discussion

Elevation of the Slessor Glacier at the LGM
Mt. Provender
At Mt. Provender, striated bedrock on the modern ice margin has an age of 11.5 ka while 10 m further away striated bedrock gives an age of 41 ka (Fig. 4) . Erratics give ages of 3 ka, 41 ka, and 142 ka, the latter of which reflects prior exposure.
Above this point there is an escarpment and the next exposure ages, all > 340 ka, come from elevations above 600 m.
The concordant bedrock and erratic ages suggest the ice margin lowered to its present elevation at 240 m by 41 ka. This implies that the ice was no thicker than today during the LGM and that there has been very little change since. Alternatively, if the age is influenced by previously accumulated nuclides, the thinning to this position could have occurred later. If such a thickening is represented by the escarpment above Nostok Lake this would imply thickening of about 100 m at Mt Provender.
Mt. Skidmore
At Mt. Skidmore, the two youngest exposure ages and the only dating to the
LGM come from the modern ice margin with ages of 27 ka and 120 ka (Fig. 3) . The other three samples on the ice margin give ages of 189 ka, 357 ka and 1016 ka.
Above the ice margin 22 samples within presumed LGM limits, including 12 located less than 100 m above the modern ice margin, give exposure ages that range between 151 ka and 1024 ka while 17 exposure ages above this level range between 416 ka and 1637 ka.
The results from the ice margin indicate a high proportion of preexposed/recycled clasts at this site; however a key finding is that young ages do occur on the modern ice margin which suggests that the glaciers do deposit fresh clasts.
Thus, we would expect to find a proportion of young ages at higher elevations if the glacier had thickened during the LGM, as has been observed elsewhere in Antarctica (Ackert et al., 1999; Bentley et al., 2006; Mackintosh et al., 2007; Stone et al., 2003) .
Despite sampling the freshest appearing clasts none of the 39 samples that were taken from above the ice margin give ages consistent with the last glacial cycle (circles, Fig.   7 ). The most obvious explanation for the exposure age results is that the ice margin was no higher than at present during the LGM.
Mt. Sheffield
At Mt. Sheffield the three youngest exposure ages and the only ones dating to the LGM come from the modern ice margin with ages of 3 ka, 23 ka and 25 ka (Fig.   3) . A fourth exposure age of 401 ka also on the ice margin reflects pre-exposure despite a seemingly fresh appearance (Fig. 6 ). Above the ice margin, six samples taken from across the dark drift moraines give ages of 109 ka to 850 ka, and above this, four samples give ages of 267 ka to 822 ka.
The most obvious explanation for the exposure age results is that the ice margin was no higher than at present (310 m) during the LGM. It is difficult to support alternative explanations that assume a thicker ice sheet at the time. Mt. Sheffield is situated on the main shear zone of the Slessor Glacier and there are clear moraine ridges visible. Therefore, we consider it unlikely that this area was covered by coldbased ice and associated non-deposition. Our results from the modern ice margin suggest that the proportion of pre-exposed/recycled clasts is low at this location (1 in 4) and thus it is unlikely that all ten clasts taken from above the ice margin are recycled.
Discussion
The key finding is that ‗young' (last glacial cycle) ages are restricted to the modern ice margins at each site and despite sampling many relatively -fresh‖ clasts from within the presumed LGM limits. The 10 Be exposure ages reveal a consistent pattern at all three sites that points to limited change in the elevation of the Slessor and Recovery glaciers during and since the LGM; it points to the glacial/interglacial stability of these major ice streams.
Nevertheless, it is worth exploring alternative explanations. If the ice sheet did thicken during the LGM as it did in most other parts of Antarctica, one possibility is that we simply did not sample the young rocks related to this advance. This scenario seems unlikely given our sampling strategy which aimed to reduce this uncertainty and the sheer number of samples we collected from within the presumed LGM limits.
A related possibility is that our sampling strategy of choosing brick-sized clasts is overly biased towards clasts with inheritance; perhaps if we sampled larger boulders we would have got a different result, although few of these exist and most are poorly preserved. A further possibility is that the area was covered by cold-based ice which did not deposit any new material or very little new material on the mountainside. One way this may occur is if there was little or no lateral movement to bring new material to the surface. Since the ice is moving and building a moraine today (Fig. 3) and there exists lateral moraines on, for example, the NE shoulder of Mt. Skidmore, the change in ice dynamics implied by this scenario seems unlikely. Alternatively, there could be lateral movement of debris-poor cold-based ice. It is difficult to entirely rule-out this possibility of non-deposition by cold-based ice; the interpretation requires pervasive prior exposure at this site which may not be detected in 26 Al/ 10 Be ratios.
While alternative explanations cannot be ruled-out entirely, they seem to require special conditions that either appear unlikely or do not fit observations. Thus, when considering the overall pattern of 10 Be exposure ages observed at all three sites, the most obvious explanation and our favoured interpretation is that there has been little or no change in the elevation of the Slessor and Recovery ice streams since the LGM.
Ice stream mechanisms
The lack of change of the Slessor and Recovery glaciers is puzzling when Ackert et al., 2007; Parizek and Alley, 2004; Todd et al., 2010) . No such change in the height of the Slessor and Recovery glaciers was observed and since an unfeasibly low surface gradient (c. 0.0003) would otherwise be required to explain this lack of change, we argue the ice was not grounded at the shelf-edge.
The most obvious explanation for the limited change in elevation, therefore, is a constraint on the position of the grounding line in the Weddell Sea. Bathymetry reveals the depth of the Thiel/Crary Trough, located beneath the Filchner Ice Shelf and immediately offshore, is more than 1,400 m below sea level (Makinson and Nicholls, 1999) (Fig. 8) . The depth is similar or greater than troughs elsewhere in Antarctica where ice streams were grounded during the LGM, for example, in
Marguerite Bay on the west side of the Antarctic Peninsula where ice was grounded at depths of 1000 m (Anderson and Fretwell, 2008) . It may simply be that the Filchner
Ice Shelf can drain all the ice that the two ice streams deliver and that the glaciers are unable to ground as a result. A factor favouring this scenario is that the ice streams deliver ice to the flanks of the trough in a geometry that is optimal for discharging floating ice. The bathymetry, while coarse in resolution, supports this scenario.; it reveals an east-west trending trough cut by the Slessor and Bailey glaciers entering the deeper Thiel/Crary Trough as a hanging valley (Fig. 8) .
In summary, our finding that the Slessor and Recovery glaciers did not thicken more than present during the LGM leads us to suggest the ice was not grounded in the 
Wider implications
The Thiel/Crary trough is one of a series of glacial troughs on land and offshore The presence of undisturbed volcanic ash deposits of 14 Ma in the channels of the associated Labyrinth meltwater channel system (Lewis et al., 2006) show that the trough was cut before or in the mid-Miocene. Such an age is confirmed by an offshore record of ice extending over the Pacific-facing continental shelf in the midMiocene before retreating to its current extent around 13.5 Ma (Anderson, 1999) and by recent analysis of sediments in the ANDRILL core in the Ross Sea (Passchier et al., 2011) . The largest trough of all, the Lambert trough, is thought to have been overdeepened by 14 Ma in the mid-Miocene, since when it has not been occupied by grounded ice (Taylor et al., 2004) . By analogy, the Thiel/Crary Trough, cut by ice extending to the outer edge of the offshore shelf may also have been eroded by the same extended ice sheet at this time.
We hypothesise that following its erosion ~14 Ma the Thiel/Crary trough has played a role in limiting the expansion of the ice sheet in this part of the Weddell Sea.
Since the Bailey, Recovery, Support Force and part of the Foundation Ice Stream also followed the Thiel/Crary Trough during the LGM, we predict limited thickening of these glaciers and thus limited change over a major portion of the ice sheet in the Weddell Sea sector. It appears to be an excellent example of self-limiting behaviour by an ice sheet by which glacial erosion erodes in such a way as to change the dynamics of subsequent ice sheets (Jamieson et al., 2010) . The net result is that the volume of ice in this part of the Weddell Sea sector during the LGM is less than previously considered and less even than the minimum estimates of Bentley et al. (2010) .
This discovery of limited thinning of Slessor and Recovery glaciers since the
LGM has a number of additional implications. First, our age determinations demonstrate that many fresh glacial features such as moraines and striations, on which past LGM reconstructions were based, are older than their appearance first suggests, probably due to long-term, low erosion rates (Bentley et al., 2006; Bentley et al., 2010; Fogwill et al., 2004) . Second, the constraint on LGM ice volumes for this sector of Antarctica implies a minimal contribution to postglacial sea-level-rise and an insufficient ice volume to account for major meltwater pulses such as Meltwater Pulse 1A and is thus in agreement with Bentley et al. (2010) . Third, the thin ice sheet at the
LGM may help explain some of the mismatch observed between models of glacioisostatic adjustment and recent GPS measurements of vertical crustal motion (Bevis et al., 2009 ) and thus permit improved estimates of glacio-isostatic adjustment that are critical to correct satellite measurements of contemporary ice mass changes in Antarctica. Finally, this study demonstrates the value of geologic data in constraining the past configuration of the ice sheet and its trajectory of change; in this case the Atlantic-facing Weddell Sea sector of the WAIS has responded to climate and sealevel change in a different way compared to the Pacific-facing Ross and Amundsen Sea sectors.
Conclusions:
In the Shackleton Range, cosmogenic 10 Be and 26 Al surface exposure ages that date to the last glacial cycle were found only at the modern ice margins on Mt.
Provender, Mt. Skidmore and Mt. Sheffield.
The lack of such last-glacial-cycle ages above the Slessor Glacier suggests that it and Recovery Glacier were not significantly thicker than today during the
LGM.
The reason for this, we hypothesise, is because ice could not ground in the The location of these samples (labelled) can be found in Figure 3 . We targeted the freshest appearing brick-sized erratics that could be found but these were often very old. Photograph of (A) the dark-coloured moraines on Mt. Sheffield; in contrast to expectations, these are older than the last glacial cycle. Like elsewhere, exposure ages dating to the LGM were only found at the modern ice margin. Two fresh looking samples on the modern ice margin are shown in (B) and (C); despite their unweathered appearances, their ages range between 3 ka to 400 ka, and comprise the youngest and oldest found at this ice marginal location. A trough cut by the Bailey and Slessor glaciers can be seen entering the flank of the
